Abstract The increased use of heavy metals in process industries often results in the generation of large quantities of wastewater (WW) and aqueous waste (AW) containing mixtures of heavy metals such as copper and nickel. This research focuses on the electrochemical recovery of copper and nickel from acid pickling solutions used to treat metal surfaces. Using hull cells, beaker plating, and electrolytic cells in pilot scale (capacity 30 L), the most important parameters influencing the process have been identified (temperature, contact time, and current density). In total, about 60 tests were carried out on AW containing nickel and copper. The results of the tests carried out with copper-containing AW shows that removal yields are often higher than 50%; while the energy consumption is less than 15 kWh kg −1 of metal deposited. The best removal efficiency (100%) was achieved by applying a current density of 6 A dm −2 and the energy consumption was 2 kWh kg −1
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. The tests carried out with AW containing nickel point out very low removal yields (< 20%) and very high energy consumption (even exceeding 300 kWh kg
−1
). The best removal yield obtained, applying a current density of 3 A dm −2 , is 6.7% with an energy consumption of 40 kWh kg −1 of metal removed.
and the production of batteries (Coman et al. 2013; Karakaya et al. 2018; Peng et al. 2014) ; (ii) widespread in the environment, the heavy metals can contaminate the soil and aquifers (Tiwari et al. 2016) , making it necessary to use treatments (e.g., adsorption) to purify drinking water (Sorlini et al. 2015) ; and (iii) high concentrations of heavy metals are a problem when industrial wastewater (WW) or aqueous waste (AW) must be treated.
To treat AW, there are different types of processes commonly applied as (i) coagulation-flocculation (Bourechech et al. 2018; Malamis et al. 2011) , (ii) membrane processes (Renou et al. 2008) , (iii) adsorption (de Freitas et al. 2018; Malamis et al. 2011; Renou et al. 2008) , (iv) H 2 O 2 based processes (Collivignarelli et al. 2017c ), (v) Fenton process (Bourechech et al. 2018; Ishak et al. 2018) , and (vi) biological degradation (Collivignarelli et al. 2015b (Collivignarelli et al. , 2017a (Collivignarelli et al. , 2017b (Collivignarelli et al. , 2018 Renou et al. 2008) . In any case, a high concentration of heavy metals in the AW to be treated means that the same metals are then present in high concentrations in the sludge. The latter may therefore not comply with regional and national regulations regarding the recovery of sludge in agriculture (Collivignarelli et al. 2015a; EC 2010; Gunatilake 2015; Sharma et al. 2017) .
It should be remembered that sludge can in fact be spread on agricultural land only if it meets the quality requirements (in particular c on c er ni ng h e av y m eta l s a n d pa t h o ge n s ) established by European and national legislation (EC 2010) . The high concentration of metals in the sludge makes it impossible to recover it in agriculture (Sharma et al. 2017) .
This implies the impossibility of recovering also the heavy metals contained in them, thus counteracting an essential point of the circular waste economy concept proposed by the European Commission (EC 2018) .
The increased use of heavy metals in process industries often results in the generation of large quantities of dilute effluents containing mixtures of heavy metals such as copper and nickel (Fu and Wang 2011; Su and Ye 2017; Wang and Ren 2014) . For this reason, in the last decades, the search for the recovery of metal removal from WW and AW has advanced considerably. The main chemical-physical methods for removal and recovery of metals from industrial AW are (Awual 2015; Brooks 2018; Dermentzis et al. 2016; Fu and Wang 2011; Gunatilake 2015; Wang and Ren 2014) (i) chemical precipitation in the form of hydroxides or sulphides, (ii) nanofiltration or reverse osmosis membrane processes, (iii) ion exchange on resins, (iv) evaporation, (v) separation in the form of complexes, (vi) galvanocoagulation, (vii) bioadsorption, and (viii) electrolysis.
Recently, with the aim of recovering heavy metals from WW, the combination of electrochemical and biological processes such as the microbial fuel cell (MFC) and the microbial electrolysis cell (MEC) has aroused considerable interest (Luo et al. 2015; Rodenas Motos et al. 2015 . However, considerable amounts of electricity are still needed in the electrolysis cells for their operation. In comparison, bio-electrochemical systems can provide energy from bio-electrochemical degradation of organic compounds present in WW (Rodenas Motos et al. 2015 .
However, one of the most promising technologies today is represented by electrodeposition (Dermentzis et al. 2016; Gunatilake 2015; Maarof et al. 2017) . It demonstrates a feasible, low-cost, and efficient approach for removing/recovering heavy metal ions (Lou et al. 2018) . The electrodeposition process can be carried out in order to remove with high selectivity heavy metals, such as copper and nickel (Dermentzis et al. 2016; Liu et al. 2013; Lou et al. 2018) but also: dyes (Collivignarelli et al. 2019) , phenols (Chellammal et al. 2010) , and phosphate and arsenic (Wang et al. 2009 ). Regarding the electrolytic recovery of Cu 2+ and Ni 2+ , many studies have already been carried out (Dermentzis et al. 2016; Gunatilake 2015; Liu et al. 2013; Lou et al. 2018; Maarof et al. 2017) .
It should be recalled that the recovery of heavy metals presents various advantages from an environmental point of view, including (i) minimize the impact of AW on biological treatments present in the treatment plants, allowing greater efficiency in those areas, (ii) the dispersion of the aforementioned metals into the environment (e.g., in sewage sludge) is reduced (Collivignarelli et al. 2015a) , and (iii) the extraction and use of new virgin material is avoided with a view, increasingly stimulated at an international level, of circular economy for waste (EC 2018) .
This research focuses on the electrochemical recovery of copper and nickel from acid pickling solutions used to treat metal surfaces. A significant aspect of this research is the three-step experiments that have been conducted. Firstly, the hull cells were used to identify the optical current density (I x ). Secondly, beaker tests were conducted to identify the optimal operating parameters such as temperature and contact time. Finally, pilot-scale electrolytic cells were used to apply the optimal parameters on a larger scale. Based on optimal performance, an analysis of recovery costs was conducted. A comparison with the costs related to the purchase of Bvirgin^material was then presented.
Materials and Methods

Aqueous Waste Characteristics
The experiments have been carried out using five AWs with high concentrations of metals: in two, there is nickel and in the other three copper. The characteristics are shown in Table 1 . As can be seen, they are also characterized by a high concentration of COD and H 2 O 2 . These aspects must be taken into account in the subsequent analysis of the results as high COD values favor the development of H + ions whose reduction, in competition with that of the metal ions of interest, slows down the deposition of the latter. Even high concentrations of H 2 O 2 can hinder the deposition of the metal on the cathode (Balaji 2006) . COD, NH 4 + , H 2 O 2 , density, phosphates, fluorides, nickel, copper, and electrical conductivity were measured according to the standard methods for water and wastewater (APHA 2012). pH and temperature (both with the use of a WTW Sentix 940-3 probe) were also measured. In view of a possible application on the real scale, the experiments were conducted not modifying the pH of the initial solution (Table 1) in order to test the removal yields without using excessive amounts of pH corrector.
Hull Cell Tests
The hull cell allows to carry out preliminary laboratory tests to identify the main operative parameters. In these tests, AWs containing copper (C, D, and E) are used.
The main characteristic of the hull cell ( Fig. 1a ) is to have a cathode positioned with standard angle (0.22 π = 39.6°) compared with the anode: in this way, the cathode surface creates a continuous and determinable gradient of current density.
The technical characteristics of the laboratory hull cell are -cell volume: 267 mL -anode material: titanium activated with titanium oxides and iridium (DSA) -cathode material: stainless steel AISI 316 -treatment duration: 15 min The current distribution on the cathode is well represented by a logarithmic curve that can be expressed by the empirical formula (Eq. 1) (Pletcher and Walsh 1993) :
where I x is the current density (mA cm −2 ); x is the length of the deposit (cm), i is the current intensity (A) and C 1 and C 2 are two constants dependent on the cell used (C 1 = 5.1 and C 2 = 5.24).
Beaker Tests
According to the results obtained with hull cell, other tests are carried out in a cell with flat and parallel electrodes on both copper and nickel AW in order to establish the optimal parameters for the pilot-scale plant.
In these tests, a glass beaker of 500 mL is used (Fig.  1b) . Several tests are carried out with varying temperature (from 25 to 50°C), current density (from 3 to 30 A dm
) and deposition time (from 1.5 to 7 h). The current intensity is estimated by multiplying the optimal current density value, obtained from hull cell tests, and the cathode area available for the electroplating.
The materials of anode and cathode are respectively: activated titanium or graphite for the anode and steel or brass for the cathode depending on the chemical compatibility with the solution to be treated.
Pilot-Scale Tests
The pilot-scale plant, as can be shown in Fig. 1c, d , consists of a chamber in Moplen where the electrolytic cell (30 L) is located, a tank placed under the cell of 120 L, and another compartment containing the pump and the flowmeter that allow the recirculation at a fixed range of solution. Inside the electrolytic cell and the reservoir are placed two Pt100 thermal resistances to monitor the temperature; a heating element is placed in the tank to heat the solution. In a compartment located above the pump, the current rectifier and the electrical panel through which it is possible to set the current intensity and the duration of the test are placed. The anode and cathode materials are respectively lead (5 mm thick) and stainless steel AISI 316 (5 mm thick). The tested AW consists of a mixture of C, D, and E containing copper.
Costs Analysis
To assess whether the aforementioned process may or may not be used for the recovery of copper or nickel as a valid alternative to the use of new raw material, the economic aspect must be taken into consideration. The analysis was carried out on the combination of treatment conditions which, for each of the two heavy metals, gave the best results in terms of removal efficiency.
The cost related to the recovery of copper and nickel (Cr heavy metal ) was calculated (Eq. 2) considering the consumption of energy per kilogram of recovered metal calculated as a product between the energy consumed per unit of mass (E) and the cost of electricity (C e.energy ). For the latter, the gross European average cost for 2018 was assumed (ARERA 2018).
Cr heavy metal € kg
The cost related to the possible purchase of new raw material (copper or nickel) (Cb heavy metal ) was assessed (Eq. 3) by taking into consideration the cost of the metal (V heavy metal ) (LME 2018) and the average €/US$ exchange rate (change) for the last year calculated from October 2017 until October 2018 (ECB 2018).
In order to still have convenience in recovery, the value of maximum energy consumption (E max ) was calculated by setting the cost related to the recovery of copper and nickel (Cr heavy metal ) equal to the cost related to the possible purchase of new raw material (Cb heavy metal ) through the following formula (Eq. 4):
3 Results and Discussion
Hull Cell
The tests carried out using the hull cell with AW containing copper have been used to determine the most important parameters that affect the process. As shown in Fig. 2a , the length of metal deposition (i.e., the cathode region that is covered by the plated metal)
depends on the applied current intensity and the initial Cu 2+ concentration. The results suggest that as the current intensity (i) increases and, under equal conditions, the metal deposit increases. Furthermore, the outcomes evidence that a higher concentration of Cu 2+ in the initial AW allows to reduce significantly the current density (I x ) and, at the same time, leads to an increase in the length of the deposit (x).
Thus, the amount of metal deposition obtained, increases with the increase of optimum current density, calculated with the previous empirical formula (Eq. 1); this is in fact related to the applied current intensity and the initial concentration of metals in the AW.
The experiments always show a decrease in the cell voltage during the tests (between 0.1 and 0.89 V).
The appearance of metal deposition is coppery, thin with good quality (Fig. 2b) ; it has been observed that, with the passage of time and the increase in thickness, the deposition of copper becomes discontinuous and contains more impurities.
Beaker Tests
The results of the beaker tests on AW containing Ni The outcomes obtained suggest that the removal yields of nickel, from the AW A and B, are between 1 and 10% (Fig. 3) according to the study of Borges Porto et al. (2017) on a real case that showed also a rather low removal yield (around 36%). However, this result contrasts with other recent studies that have obtained higher removal rates from 90 to 100% (Coman et al. 2013; Liu et al. 2013; Peng et al. 2014 ). The energy consumption of the tests, carried out using nickel-containing AW, is between 40 and 350 kWh kg −1 of Ni 2+ deposited (Fig.  5) . The lower value obtained is in total agreement with that reported by the study of Peng et al. (2014) (25 ÷ 30 kWh kg −1 of nickel deposited) although in our study, we are operating with an initial concentration of two orders of magnitude higher. As suggested in (Fig. 4) , the removal yields of copper from the AW C and D are higher than nickel removal yields and they vary between 20 and 100%. The reason is related to the metal and the pH of the solutions. At the cathode, during operation, the pH goes in the alkaline direction. Nickel can form hydroxide compounds that reduce the deposition efficiency (Beverskog 1997; Beverskog and Puigdomenech 1997 Chaudhary and Grimes (2001) who demonstrated that H 2 O 2 stimulates metal deposition, during our experimentation, it was observed that the presence of hydrogen peroxide slightly reduces the performances and makes the metal deposition more difficult. Another important aspect suggested by the test is that low metal concentrations involve very low removal yields with consequently higher specific energy consumption. This result is in agreement with Britto-Costa and Ruotolo (2015) study about copper removal. They explained that electrowinning can be successfully obtained with high removal yields particularly when the copper ion concentration is high.
Moreover, as Coman et al. (2013) explain, electrolytic process and particularly electrodeposition can be successfully applied for Ni 2+ removal/ recovery from WWs and AW when the concentration of the metal in solution is high because otherwise the control of the process is very difficult and the yields are very low.
As regards I x analysis, the results show that the optimal current density value for an effective removal of Cu 2+ is equal to 3 A dm −2 while for the removal of the Ni 2+ it is necessary to operate with higher values (6 or 10 A dm
−2
). The result of copper is in agreement with the bibliography. For example, Ahmed Basha et al. (2008) have tested the electrolytic removal of copper by detecting optimal current density values of about , other conditions being equal. They also tested a higher current density (4 A dm
). In the second case, lower removal results were obtained (30% against 80%). The influence of current density on nickel removal is confirmed, for example, by studies of Orhan et al. (2002) that have found a greater removal of nickel by operating with higher current densities.
The tests show that the optimal temperature for the deposition and removal of Cu 2+ is equal to 25°C. In this case, the energy needs in order to maintain 25°C is provided by the Joule heating effect caused by the passage of current (Lavelaine and Allanore 2009). Instead for the removal of Ni 2+ ions, it is necessary to provide additional thermal energy in order to increase the temperature up to 50°C and obtain the optimal deposition of the metal. Regarding the optimal temperature for copper removal, the literature is rather discordant. The results obtained are in agreement with those obtained from Britto-Costa and Ruotolo (2015) which verified that an increase in the temperature of the electrolyte causes a decrease in the electrodeposition rate. Moreover, Orhan et al. (2004) confirmed the results obtaining an optimal temperature condition for the removal of Cu 2+ equal to 20°C. As regards the optimal temperature for the removal of Ni 2+ , the results are in complete agreement with what stated by Orhan et al. (2002) . In fact, they varied the temperature of the electrolyte between 20 and 65°C and found that the recovery of nickel is only possible at temperatures above 50°C.
During the tests, the COD was also monitored. The results show that there was a removal rate between 10 and 56% for all types of AW (A, B, C, and D). The variability seems to depend on the initial composition of the AW.
Pilot-Scale Test
According to beaker tests results, pilot-scale tests are carried out only on copper-containing AW. The main result, achieved with pilot-scale plant (shown in Fig. 6 ), is that the contact time does not seem to have a significant influence on the removal yields.
The influence of temperature has been investigated. An increase (from 25 to 40°C), with equal other conditions, produces a slight increase in the rate of removal of Cu 2+ , but lower than that shown in the study of BrittoCosta et al. (2014) . In fact, the high organic content in the AW causes an effect difficult to predict. The organic substances can have an unpredictable inhibiting effect on the deposition and this effect can be due to a greater adsorption of the organic substances at 40°C instead of 25°C. The experimental results have already shown that the efficiency of copper removal is hindered by the presence of organic species in the industrial effluent (Chellammal et al. 2010) . From the analysis of the outcomes of the current experimentation, the inhibitory effect of organic substances on copper deposition is felt to a greater extent when the electrode works at higher current density.
Finally, contrary to other recent studies (Min et al. 2018) , a current density increasing, at least in the tested values (from 3 to 10 A dm Taking into consideration the treatments that showed the best removal efficiency, in order to quantify the costs of the recovery, only the energy costs have been considered. The main result obtained with the analysis (Table 2) is that in both cases, the costs for the recovery of metals are lower than the costs for the purchase of new metals, in particular, in the case of copper. This result is in agreement, for instance, with the results of Min et al. (2018) whom have applied an electrolytic process for economicalrecovery of highly purified copper.
The results obtained from the economic analysis suggest that the convenience in recovering nickel is lower than copper due mainly to two factors: (i) poor efficiency of nickel removal by electrolytic process and (ii) high energy consumption linked to metal recovery. However, it should be recalled that, on the one hand, the costs for recovery in this analysis have been simplified by not taking into account, for example, the costs of depreciation of the plant or the costs of the reagents, on the other hand, if the metals are not removed from the AW and recovered, there would be additional disposal costs not considered here. Indeed, AW containing high concentrations of heavy metals generally generates high management and disposal costs (Barakat 2011) .
This analysis also suggests that in order to have convenience in recovery, the maximum value of energy consumption (E max ) is higher for nickel (47 kWh kg −1 ) than copper (24 kWh kg −1 ). This is because the Ni 2+ has a higher sales price (LME 2018) thus making the recovery process convenient even with the use of more energy.
Conclusions
The results of the tests carried out with coppercontaining AW are very positive considering high removal yields obtained and low energy consumption required; in particular, removal yields are often higher than 50%; while the energy consumption is less than 15 kWh kg −1 of metal deposited.
The best removal efficiency (100%) was achieved by applying a current density of 6 A dm −2 , a temperature of 40°C, pH around 1, and a deposition time of 4 h, the energy consumption was 2 kWh kg ) for an industrial scale application.
The best removal yield obtained, applying a current density of 3 A dm −2 , a temperature of 50°C with a deposition time of 4 h, and pH around 6, is 6.7% with an energy consumption of 40 kWh kg −1 of metal removed. In this case, electrochemical treatment is considered to be reliable, since energy consumption has been found to be less than 47 kWh kg −1 of deposited nickel (calculated according to the price of nickel on Metal Exchange). The cost analysis suggests that the results, in terms of removal and recovery, obtained for these heavy metals, in particular for copper, are very promising for an industrial application. 
